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We present a measurement of the top quark pair (ii) production cross section (fftt) in PP colli­
sions at ^fs = 1.96 TeV using 230 pb_1 of data collected by the D 0 experiment at the Fermilab 
Tevatron Collider. We select events with one charged lepton (electron or muon), missing transverse 
energy, and jets in the final state. We employ lifetime-based b-jet identification techniques to fur­
ther enhance the t i  purity of the selected sample. For a top quark mass of 175 GeV, we measure 
t =  8 .6-1 ' 5 (stat. + syst.) ±  0.6 (lumi.) pb, in agreement with the standard model expectation.
PACS num bers: 13.85.Lg, 13.85.Qk, 14.65.Ha
The top  quark  was discovered a t the  Ferm ilab Tevatron sions a t a / s  =  1.8 TeV based on abou t 50 p b -1 of d a ta  per 
Collider by the CDF and D 0  collaborations [1] in pp  colli- experim ent. The increased sta tistics and higher collision
4energy of a / s  =  1.96 TeV of Tevatron R un II allow more 
precise m easurem ents of top  quark properties, including 
its production and decay characteristics. Theoretical cal­
culations perform ed w ithin the framework of the  s tan ­
dard  model (SM) predict the  t t  production cross section 
(<7ii) w ith an uncertain ty  of less th an  15% [2]. A signifi­
cant deviation from th is prediction would signal the  pres­
ence of physics beyond the SM, such as ttt resonant pro­
duction [3]. The CD F and D 0  collaborations have previ­
ously reported  m easurem ents of a ti a t a / s  =  1.8 TeV [4]. 
Recent m easurem ents a t a / s  = 1 .9 6  TeV by the CDF [5] 
and D 0  [6] collaborations agree w ith the SM prediction 
w ithin their experim ental uncertainties.
In the SM, the top  quark  decays to  a W  boson and b 
quark  w ith a branching ra tio  of «  100%. The lep ton+ je ts  
final s ta te  results from the leptonic decay of one of the W  
bosons and  the hadronic decay of the  other. The event 
signature is one lepton w ith high transverse m om entum , 
large transverse energy im balance (Et  ) due to  the unde­
tected  neutrino, and four jets, two of which result from 
hadronization of the b quarks.
In this L etter, we repo rt the  m easurem ent of 7 tj in the 
lepton (electron or muon) plus je ts  channel using b-jet 
identification (b-tagging) techniques exploiting the long 
lifetime of B  hadrons. The d a ta  were collected by the D 0  
experim ent from A ugust 2002 through M arch 2004, and 
correspond to  an in tegrated  lum inosity of 226 ±  15 p b -1 
(229 ±  15 p b - 1 ) in the electron (muon) sample.
The D 0  detector includes a tracking system, calorime­
ters, and  a m uon spectrom eter [7]. The tracking system  
consists of a silicon m icrostrip  tracker (SMT) and a cen­
tra l fiber tracker (C FT), bo th  located inside a 2 T  super­
conducting solenoid. The tracker design provides efficient 
charged particle m easurem ents in the pseudorapidity  re­
gion |n| <  3 [8]. The SMT strip  pitch of 50-80 ^m  allows 
a precise reconstruction  of the  prim ary  in teraction  ver­
tex (PV) and an accurate determ ination of the  im pact 
param eter of a track  relative to  the  PV  [9], which are the 
key com ponents of the  lifetime-based b-jet tagging algo­
rithm s. The PV  is required to  be w ithin the SMT fiducial 
volume and  consist of a t least 3 tracks. The calorime­
ter consists of a central section (CC) covering |n| <  1.1, 
and two end calorim eters (EC) extending the coverage to  
|n| ~  4.2. The m uon system  surrounds the calorim eter 
and consists of three layers of tracking detectors and two 
layers of scintillators [10]. A 1.8 T  iron toroidal m ag­
net is located outside the  innerm ost layer of the m uon 
detector. The lum inosity is calculated from the ra te  for 
ppt inelastic collisions detected  using two hodoscopes of 
scintillation counters m ounted close to  the  beam  pipe on 
the front surfaces of the  EC calorim eters.
We select d a ta  samples in the electron and m uon chan­
nels by requiring an isolated electron w ith p T >  20 GeV 
and |n| <  1.1, or an isolated m uon w ith p T >  20 GeV 
and |n| <  2.0. More details on the lepton identification 
as well as trigger requirem ents are reported  elsewhere [6].
In bo th  channels, we require E t  to  exceed 20 GeV and 
not be collinear w ith the lepton direction in the tran s­
verse plane. These W  boson candidate events m ust be 
accom panied by one or more je ts  w ith p T >  15 GeV 
and rap id ity  |y| <  2.5 [8]. Je ts  are defined using a cone 
algorithm  w ith radius A R  =  0.5 [11]. We classify the 
selected events according to  their je t m ultiplicity. Events 
w ith 3 or >  4 je ts  are expected to  be enriched in t t  sig­
nal, whereas events w ith only 1 or 2 je ts  are expected 
to  be dom inated  by background. We use the former to  
estim ate 7 tj, and the la tte r to  verify the background nor­
m alization procedure.
The m ain background in th is analysis is the  production  
of W  bosons in association w ith je ts  (W  + je ts), w ith  the 
W  boson decaying leptonically. In m ost cases, the  je ts 
accom panying the W  boson originate from light (u, d, 
s) quarks and gluons (W + ligh t je ts). D epending on the 
je t multiplicity, between 2% and 14% of W  + je ts  events 
contain heavy flavor je ts  resulting from gluon splitting 
into bb or cc (Wbb or Wcc, respectively), while in about 
5% of events, a single c quark  is present in the final s ta te  
as a result of the W  boson rad ia ted  from an s quark  
from the p ro to n ’s or an tip ro to n ’s sea (W c). A sizeable 
background arises from strong production  of two or more 
je ts  ( “m ultijets” ), w ith one of the je ts  misidentified as 
a lepton and accom panied by large E t  resulting from 
m ism easurem ents of je t energies. Significantly smaller 
contributions to  the background arise from single top, 
Z + je ts , and weak diboson (W W , W Z  and Z Z ) produc­
tion. Only a small fraction of the  background events 
contain b or c-quark je ts  in the final s ta te . As a con­
sequence, the  signal-to-background ra tio  is significantly 
enhanced when a t least one je t is identified as a b-quark 
jet.
We use a secondary vertex tagging (SVT) algorithm  
to  identify b-quark jets. Secondary vertices are recon­
structed  from two or more tracks satisfying the following 
requirem ents: p T >  1 GeV, >  1 hits in the SM T lay­
ers and im pact param eter significance dca/ 7 dca >  3.5 [9]. 
Tracks identified as arising from K 0 or A decays or from 
Y conversions are no t considered. If the  secondary ver­
tex reconstructed  w ithin a je t has a decay length signif­
icance L xy/ 7 Lx >  7 [12], the je t is tagged as a b-quark 
je t. Events w ith exactly 1 (>  2) tagged je ts  are referred 
to  as single-tag (double-tag) events. We tre a t single-tag 
and double-tag events separately  because of their differ­
ent signal-to-background ratios.
Secondary vertices w ith L xy/ 7 Lx <  —7 appear due 
to  finite resolution of their characteristics after recon­
struction, and define the “negative tagging ra te ” . The 
negative tagging ra te  is used to  estim ate the  probability  
for m isidentifying a light flavor (u, d, s quark  or gluon) 
je t as a b-quark je t (the “m is-tagging ra te” ).
We estim ate bo th  the b-tagging efficiency and the mis- 
tagging ra te  using je ts  w ith >  2 tracks satisfying less 
stringent requirem ents th an  those for SVT. In particular,











FIG. 1: Measured b-tagging efficiency (circles) and mis- 
tagging rate (triangles), and estimated c-tagging efficiency 
(solid line) as a function of jet pT.
the p T cut is reduced from 1 GeV to  0.5 GeV for all 
bu t the  highest p T track, and no cut on dca/ 7 dca of the 
tracks is made. These requirem ents have an efficiency 
per je t >  80% for pT >  30 GeV and in tegrated  over 
y. We m easure the b-tagging efficiency in a d a ta  sample 
of dijet events w ith enhanced heavy flavor content by 
requiring a je t w ith an associated m uon a t high transverse 
m om entum  relative to  the  je t axis. By com paring the 
SVT and m uon-tagged je t samples, the tagging efficiency 
for semileptonic b-quark decays ( “semileptonic b-tagging 
efficiency” ) can be inferred. We make use of a M onte 
Carlo (MC) sim ulation to  further correct the m easured 
efficiency to  the  tagging efficiency for inclusive b-quark 
decays. We estim ate the c-tagging efficiency from the 
same sim ulation, corrected by a scale factor defined as the  
ra tio  of the sem ileptonic b-tagging efficiency m easured in 
d a ta  to  th a t m easured in the sim ulation. We estim ate the 
m is-tagging ra te  from the negative tagging ra te  m easured 
in dijet events, corrected for the contribution  of heavy- 
flavor je ts  and the presence of long-lived particles in light- 
flavor je ts. F igure 1 shows the b-tagging efficiency, c- 
tagging efficiency and m is-tagging ra te  as a function of 
je t p t .
We sim ulate ttc production, and all background pro­
cesses except m ultijets, using ALPGEN [13] to  generate 
the  parton-level processes, and PYTHIA [14] to  provide 
fragm entation and to  decay all unstable particles ex­
cept B  hadrons and t leptons, which are modeled via 
EVTGEN [15] and TAUOLA [16], respectively. We process 
the  generated events th rough the full GEANT-based [17] 
D 0  detector sim ulation and the same reconstruction  pro­
gram  used to  process the  data . We apply small addi­
tional sm earing to  the  reconstructed  objects to  improve 
the agreem ent between the d a ta  and the sim ulation, and
account for rem aining discrepancies using correction fac­
tors derived by com paring the efficiencies m easured in 
Z  ^  l + l -  d a ta  to  those obtained from the sim ulation. 
For all processes except the m ultijets background, we 
make use of the  MC sim ulation to  com pute the to ta l 
acceptance, applying the trigger, reconstruction and tag ­
ging efficiencies m easured using data . The tagging proba­
bility  for a particu lar process depends on the flavor com­
position of the je ts  in the final s ta te  as well as on the 
overall event kinem atics. We estim ate it by applying the 
tagging rates m easured in d a ta  to  each je t in the  sim­
ulation, taking into consideration its flavor, p T , and y. 
In the case of W  + je ts  events, we also use the sim ulation 
to  estim ate the  fraction of the different W + heavy  flavor 
subprocesses.
We com pute the ttc acceptance for events w ith a true  
electron or m uon arising from a W  ^  lv  ( l =  e, t ) 
decay, corresponding to  to ta l branching fractions of 
17.106% and 17.036% [18], respectively, in the electron 
and m uon channels. In the electron channel, the to ta l ac­
ceptance before tagging is estim ated to  be (10.8 ±  0.8)% 
and (14.2 ±  1.7)%, for events w ith 3 and those w ith >  4 
jets, respectively. The corresponding num bers for the 
m uon channel are (9.9 ±  1.0)% and (14.1 ±  1.9)%. The 
estim ated single-tag efficiencies are (43.4 ±  1.2)% and 
(45.3 ±  1.0)% for events w ith 3 and those w ith >  4 jets, 
respectively. The corresponding double-tag efficiencies 
are (10.4 ±  1.0)% and  (14.2 ±  1.3)%.
We estim ate the num ber of m ultijet events from the 
d a ta  for each je t m ultiplicity using the m atrix  m ethod 
described in Ref. [6], separately  for the  samples before 
and after tagging. Smaller contributions from single top, 
Z  + jets , and diboson production  (collectively referred to  
as “other bkg” ) are estim ated from the sim ulation, nor­
malized to  the  next-to-leading order theoretical cross sec­
tions [19, 20]. We also include under “other bkg” the 
contribution  from ttc w ith b o th  W  bosons decaying lep- 
tonically, assum ing the same 7 tj- as for t t  ^  l+ je ts . We 
determ ine the num ber of tagged W  + je ts  events as the 
product of the num ber of W + je ts  events in d a ta  before 
tagging and the average tagging probability  for W + je ts  
events (e.g. «  4% for single-tag and «  0.4% for double­
tag  events w ith >  4 je ts). The num ber of W  + je ts  events 
before tagging is com puted as a difference between the 
num ber of selected events and the estim ated contribu­
tion  from the rest of processes (m ultijets, ti, and “other 
bkg” ).
Tables I and II sum m arize the sample com position for 
single-tag and  double-tag events, respectively, assuming 
7 tj =  7.0 pb. Figure 2 shows the observed and expected 
num ber of events for each je t multiplicity. We in terp ret 
the excess over the background expectation in the th ird  
and fourth je t m ultiplicity bins as the t t  signal. The 
good agreem ent between observation and expectation  in 
the first and second je t m ultiplicity bins validates the 
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FIG. 2: Expected and observed number of (a) single-tag and (b) double-tag events. The hatched area represents the total 
uncertainty in the expectation.
TABLE I: Summary of observed and expected numbers of 
events before tagging and with exactly one jet tagged.
W + 1 jet W + 2jets W + 3je ts  W +>  4jets
Before tagging
Observed 14054 5502 1365 367
Multijets 718±78 516±43 190±14 66±6
After tagging
W +light 36.8±4.0 21.4±2.4 7.2±0.9 1.8±0.3
Wc 47.8±5.4 24.2±2.7 5.7±0.7 0.8±0.1
Wcc 12.2±3.4 17.2±4.8 6.6±1.9 2.2±0.7
Wbb 33.9±8.7 43.2±11.0 15.1±3.9 4.5±1.3
Multijets 14.9±1.9 16.3±2.1 8.3±1.5 4.0±1.2
Other bkg 6.6+0.9 20.6±2.1 8.2+0.8 2.2+0.4
Total bkg 152.4±14.8 142.9±16.0 51.0±5.6 15.6±1.7
tt  —*■ i+ jets 0.4±0.1 6.8+1.4 24.4+1.7 34.8±4.3
Total expected 152.8±14.8 149.7±16.2 75.4±5.9 50.4±4.8
Observed 137 145 79 62
TABLE II: Summary of observed and expected number of 
events with two or more jets tagged.
W +2jets W +3jets W +>4jets
Wbb 5.7±1.6 2.2±0.6 0.7±0.2
Other bkg 3.7±0.4 2.0±0.3 0.5±0.3
Total bkg 9.4±1.8 4.2±0.8 1.2±0.3
tt  —!■ i+ jets 0.8±0.2 5.9±0.7 10.9±1.9
Total expected 10.2±1.9 10.1±1.2 12.1±2.0
Observed 15 9 14
We calculate 7«  by m aximizing a likelihood function 
including a Poisson term  for each of the eight indepen­
dent channels considered: 3 and >  4 jets, for single- 
and double-tag events in the  electron and m uon chan­
nels. At each step  in the m axim ization, the m ultijet 
background in these eight tagged samples, and the cor­
responding samples before tagging, is constrained w ithin
errors to  the am ount determ ined by the m atrix  m ethod. 
In addition, we include a G aussian term  for each of the 
system atic uncertainties considered, following the proce­
dure described in Ref. [21]. In th is approach, each source 
of system atic uncerta in ty  is allowed to  affect the  central 
value of the cross section during the m axim ization proce­
dure, thus yielding a combined sta tistica l and system atic 
uncerta in ty  on 7 « . Assuming a top  quark m ass (m t ) of 
175 GeV, we m easure
7 « =  8.6—15 (stat. +  syst.) ±  0.6 (lumi.) pb,
in good agreem ent w ith the SM prediction of 6.77 ±  0.42 
pb [2].
The contribu tion  due to  each individual source of sys­
tem atic uncerta in ty  can be estim ated by redoing the fit 
after fixing all bu t the  corresponding G aussian term  and 
unfolding the sta tistical uncerta in ty  from the resulting 
to ta l uncertainty. The sta tistica l uncertain ty  of +1 ' 1 pb 
is obtained from the fit where all G aussian term s are 
fixed. As shown in Table III, b-jet tagging efficiency, 
je t energy calibration, and background m odeling are the 
leading sources of system atic uncertainty. In addition, a 
system atic uncerta in ty  of 6.5% from the lum inosity m ea­
surem ent [22] has been assigned. In the top  quark mass
TABLE III: Summary of systematic uncertainties on atf.
Source A att (pb)
b-tagging efficiency +0.6 -0 .5
Jet energy calibration +0.5 -  0.4
Background modeling ±0.5
Lepton selections +0.5 -  0.4
Jet identification +0.3 -  0.2
Multijet background +0.3 -  0.2
Mis-tagging rate ±0.1
Total +1.1 -  1.0
7range of 160 GeV to  190 GeV, the m easured cross section 
decreases (increases) by 0.06 pb per 1 GeV shift of m t 
above (below) 175 GeV.
We used an alternative b-tagging algorithm  to  cross 
check th is result. This algorithm  relies on counting tracks 
w ith significant im pact param eter (CSIP) w ith respect to  
the PV: a je t is tagged if >  2 (>  3) associated tracks 
have dca/ 7 dca >  3 (dca/ 7 dca >  2). As com pared to  
SVT, this algorithm  has a slightly higher b-tagging effi­
ciency and about a factor of two higher m is-tagging rate. 
The m easured cross section using the CSIP algorithm  is 
7 tt =  7.6—1 ' 4 (stat. +  syst.) ±  0.5 (lumi.) pb, consistent 
w ith the SVT result once the existing overlap between 
bo th  samples is taken  into account. W hile we are cur­
ren tly  not combining these two results, the  fact th a t dif­
ferent b-tagging techniques are only partia lly  correlated 
will be exploited in future analyses to  further increase 
the precision of th is m easurem ent.
In sum m ary, we have m easured the  ttt  production cross 
section in pp  in teractions a t a / s  =  1.96 TeV in the lep- 
to n + je ts  channel using lifetime b-tagging. O ur m easure­
m ent yields 7 tj =  8.6+1 ' 5 (stat. +  syst.) ±  0.6 (lumi.) pb, 
in a good agreem ent w ith the SM prediction.
We thank  the staffs a t Ferm ilab and collaborating in­
stitu tions, and acknowledge support from the DOE and 
NSF (USA), CEA and C N R S/IN 2P3 (France), FASI, 
R osatom  and R FB R  (Russia), CA PES, CNPq, FA PER J, 
FA PESP and FU N D U N ESP (Brazil), DAE and DST 
(India), Colciencias (Colombia), CONACyT (Mexico), 
K R F (Korea), C O N IC ET and UBACyT (Argentina), 
FOM  (The N etherlands), PPA RC (U nited Kingdom), 
M SMT (Czech Republic), CRC Program , CFI, NSERC 
and W estG rid P ro jec t (C anada), BM BF and DFG 
(Germ any), SFI (Ireland), A.P. Sloan Foundation, Re­
search C orporation, Texas Advanced Research Program , 
A lexander von H um boldt Foundation, and the M arie 
Curie Fellowships.
[*] Visitor from University of Zurich, Zurich, Switzerland.
[1] CDF Collaboration, F. Abe et al., Phys. Rev. Lett. 74, 
2626 (1995); D 0  Collaboration, S. Abachi et al., Phys. 
Rev. Lett. 74, 2632 (1995).
[2] R. Bonciani et al., Nucl. Phys. B 529, 424 (1998); 
M. Cacciari et al., JHEP 0404, 068 (2004); N. Kidon-
akis and R. Vogt, Phys. Rev. D 68, 114014 (2003).
[3] C. T. Hill and S. J. Parke, Phys. Rev. D 49, 4454 (1994);
H. P. Nilles, Phys. Rep. 110, 1 (1984); H. E. Haber and 
G. L. Kane, ibid. 117, 75 (1985).
[4] CDF Collaboration, T. Affolder et al., Phys. Rev. D 64, 
032002 (2001); D 0 Collaboration, V. Abazov et al., Phys. 
Rev. D 67, 012004 (2003).
[5] CDF Collaboration, D. Acosta et al. , Phys. Rev. Lett. 
93, 142001 (2004); CDF Collaboration, D. Acosta et al., 
Phys. Rev. D 71, 072005 (2005); CDF Collaboration, 
D. Acosta et al., Phys. Rev. D 71, 052003 (2005).
[6] D 0 Collaboration, V. Abazov et al., hep-ex/0504043.
[7] D 0 Collaboration, V. Abazov et al., “The Upgraded D 0 
Detector” , in preparation for submission to Nucl. In­
strum. Methods Phys. Res. A.
[8] Rapidity y and pseudorapidity n are defined as func­
tions of the polar angle 6 and parameter ft as y(6, ft) = 
|  In [(1 +  ftco s9 )/(l — ft cos 9)] and r/(9) = y (9 ,1), where 
3  is the ratio of a particle’s momentum to its energy.
[9] Impact parameter is defined as the distance of closest 
approach (dca) of the track to the primary vertex in the 
plane transverse to the beamline. Impact parameter sig­
nificance is defined as dca/a dca, where adca is the uncer­
tainty on dca.
[10] V. Abazov et al., FERMILAB-PUB-05-034-E (2005).
[11] We use the iterative, seed-based cone algorithm including 
midpoints, as described on p. 47 in G. C. Blazey et al. , 
in Proceedings of the Workshop: “QCD and Weak Boson 
Physics in Run I I ”, edited by U. Baur, R. K. Ellis, and 
D. Zeppenfeld, FERMILAB-PUB-00-297 (2000).
[12] Decay length L xy is defined as the distance from the 
primary to the secondary vertex in the plane transverse 
to the beamline. Decay length significance is defined as 
Lxy/o h l y , where 0hly is the uncertainty on Lxy.
[13] M. L. Mangano et al., JHEP 07, 001 (2003).
[14] T. Sjostrand et al., Comput. Phys. Commun. 135, 238 
(2001).
[15] D. Lange, Nucl. Instrum. Methods Phys. Res. A 462, 152 
(2001).
[16] S. Jadach et al., Comp. Phys. Commun. 76, 361 (1993).
[17] R. Brun and F. Carminati, CERN Programming Library 
Long Writeup W 5013 (1993).
[18] S. Eidelman et al., Phys. Lett. B 592, 1 (2004).
[19] M. C. Smith and S. Willenbrock, Phys. Rev. D 54, 6696 
(1996); T. Stelzer et al., Phys. Rev. D 56, 5919 (1997).
[20] J. M. Campbell and R. K. Ellis, Phys. Rev. D 60, 113006 
(1999).
[21] P. Sinervo, in Proceedings of Statistical methods in Par­
ticle Physics, Astrophysics, and Cosmology, edited by L. 
Lyons, R. P. Mount, and R. Reitmeyer (SLAC, Stanford,
2003), p. 334.
[22] T. Edwards et al., FERMILAB-TM-2278-E (2004).
